To allow the efficient construction of ordered clone libraries, we have been investigating the use of 'oligonucleotide fingerprinting' as an approach to identify overlapping clones, and ultimately restore the linear order of the clone set. To test the effectiveness of the procedure, we have constructed a cosmid library from the genome of the human DNA virus HSV-1 and used hybridisation to multiple oligonucleotides selected from the nucleotide sequence to reconstruct the order of clones and oligonucleotides on the genome.
INTRODUCTION
With the rapid increase in interest in cloning human genetic disease loci, the production of a high density molecular map based on ordered libraries of overlapping cosmid or yeast artificial chromosome (YAC) clones has become a high priority. The main approaches discussed to construct such ordered libraries fall into two classes, based either on fingerprinting strategies or on the use of hybridisation techniques analogous to chromosome walking.
Fingerprinting techniques, commonly based on the use of gel electrophoresis to generate restriction digest patterns from each clone, and their use to identify clone overlaps, has been applied successfully to produce ordered clone libraries of different organisms (1) (2) (3) . This type of technique has two main advantages, the small increase in the mapping effort per clone with the size of the project (proportional to the logarithm of the number of clones) and the insensitivity of the protocol to interspersed repetitive sequences, expected to be a special problem in the analysis of mammalian genomes. Since individual clones have to be analysed in protocols involving a number of steps (growth, DNA isolation, enzymic reactions, gel electrophoresis, scoring of bands), rates of clone analysis are expected to be relatively low, though the rate of analysis can be increased by the use of automated systems using multiple fluorescent tags (4) As an alternative, mapping approaches based on hybridisation are able to analyse large numbers of clones in parallel and therefore offer the theoretical possibility of much higher analysis rates. Approaches based on hybridisation of probes (derived from subgroups of clones) to clone filters have been proposed (5; Miles Brennan, personal communication), and partly used in the in the end stage of the analysis of the E. coli genome (3) . Since the number of probes which can be used in each experiment is limited, the analysis of larger genomes requires linear increases in both the number of clones and the number of probe pools. The total effort in the analysis is therefore expected to increase with the square of the genome analysed, making this type of approach less favourable for larger genomes. In addition, hybridisation with pooled probes can be expected to be quite sensitive to repeat sequences in the probes, and especially to low copy number repeats in mammalian genomes.
To be able to combine the advantages of both types of protocols we have proposed a fingerprinting protocol (6) (7) (8) (Hoheisel, unpublished) starts from the most frequent pattern and gives preference to patterns present more than once. Copying the manual procedure, it looks for the least different patterns, optimally those with a single change, after the elimination of identical ones. By this means, all possible branches are extended until a clone is found which is already linked to another branch. Also, a program based on the Branching Bound algorithm was successfully used. Clone orders were then checked for consistency with the available DNA sequence. The analysis was complicated by the fact, that HSV-I exists as a mixture of four isomeric forms, which can be considered as subsegments of a permuted circular dimer sequence (Fig. 4) . Accordingly, probes located on one end of the published sequence are found in association with probes from the other end. The different combinations of positive hybridisations with oligonucleotides flanking the repeat regions are shown in Fig.  5 along with the relevant oligonucleotide hybridisation data. Figure 6 (a) shows a subset of cosmids covering the entire HSV-I genome. The hybridisation patterns for these cosmids (Fig. 6(b) ) can then be be used to derive an oligonucleotide map (Fig.6(c) only one isomeric form shown). An overall map has been (re-)produced from both the gain(+) and loss(-) of probes. A probe density averaging 1 per 10 kb, in the long unique region, and 1 per 5 kb, in the region around the internal repeats, was sufficient to detect four isomeric forms (Fig. 5) . The density of probes used for the analysis of complex genomes would however be likely to be higher than that used here, giving more information and thus helping the resolution of analogous 'difficult' regions.
The predicted order of the positions of twelve cosmids was confirmed by preparing DNA and digesting it with EcoRI and Scal, and analysing the restriction digest patterns by agarose gel electrophoresis (data not shown). The fragment sizes produced from the DNA digests were in complete agreement with the predictions from the HSV-I DNA sequence.
While most probes fitted well into the expected pattern, unexpected hybridisation results were observed in a few cases. One such inconsistency was observed with the probe HSV3 which in addition to its expected location was found in combination with other oligonucleotide probes which could not possibly be present Two types of error were observed. As mentioned above, the absence of hybridisation of a probe to a cosmid which contains both flanking sequences could be explained by polymorphisms / in the HSV-I DNA population or in the resulting cosmids. 10 Alternatively, in some cases this may be due to the combination of a small colony with a weakly hybridising oligonucleotide probe, verified by hybridisation of the oligomer probe to purified DNA from these cosmids. The complementary error, scoring a colony as positive which was not expected to hybridise to an oligonucleotide probe, conversely might be due to an increased background caused by a larger than usual amount of DNA in a colony (which has been tested by hybridisation to a vector sequence oligomer probe). The error rate of 1.7 % observed here ide should however be well within the expected tolerance of the kate procedure (6, 8 
DISCUSSION
With the increase in the study of complex genetic diseases for which no direct methods of cloning exists, the need for high density molecular maps has become more apparent. As one possible route to the efficient construction of such ordered clone libraries we have proposed a new type of fingerprinting technique, which is based on scoring large numbers of clone DNAs spotted in a high density grid on nylon filters for hybridisation with short oligonucleotides expected to hybridise to multiple positions in the genome. The theoretical feasibility of such an approach has been demonstrated before (6, 8) .
The comparison of the hybridisation patterns, analogous to other fingerprinting procedures, should lead to the identification of the linear order of the originally unordered clones, as well as the derivation of a linear map of oligonucleotide hybridisation sites in the genome (Fig. 6(c) containing approximately 10,000 colonies. Since in analogy to the experiments described for the multiplex sequencing approach (20) hybridisation of 80 to 100 filters per hybridisation cycle should be feasible, the conditions tested here should allow data rates of minimally 100,000 bits per hybridisation cycle, far in excess of the at most few thousand bits per gel generated with considerable more effort in each fingerprinting experiment. For probes hybridising to 10% of all clones, approximately 0.5 bits per clone would be generated, resulting in potential data rates of close to 5,000 bits per filter, or approximately 400,000 bits for each hybridisation cycle of 80 filters. This pilot study has tested many of the experimental variables of the oligonucleotide fingerprinting technique. Errors (or polymorphisms), unavoidable in any system set up to handle large numbers of clones, have been shown to be occurring at a level well within the tolerances of this approach and have not prevented the ordering of cosmids covering the entire HSV-I genome. In addition, the unusual structure of the HSV-I genome proved a stringent test for this mapping approach due to the presence of four isomeric forms of the virus. Using a density of probes less than that anticipated for the analysis of mammalian chromosomes (8) , cosmids specific for each of the four isomers could be identified (Fig. 5 ).
We expect this or similar approaches to allow the efficient construction of overlapping clone libraries from mammalian chromosomes and genomes, simplifying the identification of genes responsible for human mutations, as well as offering a possible analytical tool to identify changes in a genome occurring either in mutations or in cancer formation.
